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The eastern Pacific active modes (near 160*W) occurred approximately 10 times

during each (non-ENSO) season, for an average period of 18 days. Active modes

based on zonally-averaged intensities occurred less frequently, with a temporal scale

between 22 and 28 days. Active convection in the eastern Pacific was not strongly

related to active modes in the rest of the domain; strong east and west Pacific

convection occurred simultaneously only four times during the normal seasons, for

an average period between 30 and 60 days.

The intensity index was modified to estimate the latitudinal and longitudinal

positions of active convection along the ITCZ. Time series of the zonal-average

position and intensity showed that the ITCZ moved south as it intensifies.

Convective organization was described using composites of daily OLR from

active days. Composites based on different active convection regions yielded

different patterns: the zonally-averaged active days produced three zonahly oriented

cells of intense convection in the ITCZ region; requiring active convection at

160'W and in the zonal mean produced only two cells; this pattern also extended

southeastward into the Southern Hemisphere.
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ABSTRACT

Active Modes of the Pacific ITCZ. (May 1988)

Patrick Michael Hayes, B.S., University of Wisconsin-Green Bay

Co-Chairmen of Advisory Committee: Dr. James P. McGuirk
Dr. Aylmer H.Thompson

Satellite-observed outgoing longwave radiation (OLR) data from eight six-month;,,

cool seasons were examined to find periods of active convection within the Pacific

intertropical convergence zone (ITCZ). Descriptive statistics were used to define

and describe the time-mean behavior of the Pacific ITCZ. Two seasons (76-77 and

82-83) showed distinctive El Nino-Southern Oscillation (ENSO) signatures in mean,

standard deviation, and frequency distribution of OLR. Four other seasons (74-75,

75-76, 79-80, and 80-81) had "normal" OLR statistics. The remaining seasons

preceded and followed the major 82-83 event and had intermediate seasonal-mean

OLR fields.

Time series of an index measuring convective intensity in the ITCZ were analyzed

to find active convection periods. Time-longitude diagrams of the intensity estimates

showed how active modes develop, spread, and propagate across the Pacific. Three

types of variability of the active modes were identified. The first type had small spatial

scales (< 4000 kin), short temporal scales (10-20 day durations), and occurred mostly

in the eastern Pacific. The second type had longer spatial scales (5000-10,000 km),

short temporal scales, and was found throughoutthe domain. The second type of

variability also showed evidence of propagation. The third type had large temporal

scales (greater than,30 days), medium spatial scales (2000-6000 kin), and was a fixed

feature. The third type of variabilitymay be a result of combinations of two or more

active. pcriods of the first two types.
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Satellite-observed outgoing longwave radiation (OLR) data from eight six-month

cool seasons were examined to find periods of active convection within the Pacific

intertropical convergence zone (ITCZ). Descriptive statistics were used to define

and describe the time-mean behavior of the Pacific ITCZ. Two seasons (76-77 and

82-83) showed distinctive El Nino-Southern Oscillation (ENSO) signatures in mean,

standard deviation, and frequency distribution of OLR. Four other seasons (74-75,

75-76, 79-80, and 80-81) had "normal" OLR statistics. The remaining seasons

preceded and followed the major 82-83 event and had intermediate seasonal-mean

OLR fields.

Time series of an index measuring convective intensity in the ITCZ were analyzed

to find active convection periods. Time-longitude diagrams of the intensity estimates

showed how active modes develop, spread, and propagate across the Pacific. Three

types of variability of the active modes were identified. The first type had small spatial

scales (< 4000 km), short temporal scales (10-20 day durations), and occurred mostly

in the eastern Pacific. The second type had longer spatial scales (5000-10,000 kin),

short temporal scales, and was found throughout the domain. The second type of

variability also showed evidence of propagation. The third type had large temporal

scales (greater than 30 days), medium spatial scales (2000-6000 kin), and was a fixed

feature. The third type of variability may be a result of combinations of two or more

active periods of the first two types.
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The eastern Pacific active modes (near 160'W) occurred approximately 10 times

during each (non-ENSO) season, for an average period of 18 days. Active modes

based on zonally-averaged intensities occurred less frequently, with a temporal scale

between 22 and 28 days. Active convection in the eastern Pacific was not strongly

related to active modes in the rest of the domain; strong east and west Pacific

convection occurred simultaneously only four times during the normal seasons, for

an average period between 30 and 60 days.

The intensity index was modified to estimate the latitudinal and longitudinal

positions of active convection along the ITCZ. Time series of the zonal-average

position and intensity showed that the ITCZ moved south as it intensifies.

Convective organization was described using composites of daily OLR from

active days. Composites based on different active convection regions yielded

different patterns: the zonally-averaged active days produced three zonally oriented

cells of intense convection in the ITCZ region; requiring active convection at

160OW and in the zonal mean produced only two cells; this pattern also extended

southeastward into the Southern Hemisphere.

N-



V

DEDICATION

To my wife, Dawn-Marie, and my parents, John and Millie.

I

. . . for Solomon the king saith so: The glory of God is to conceal a thing,

but the glory of the king is to find it out; as if, according to the innocent play of

children, the Divine Majesty took delight to hide his works, to the end to have them

found out; as if kings could obtain no greater honour than to be God's play-fellows

in that game.

-FRANCIS BACON,The Advancement of Learning (1605)

!'V



vi j

ACKNOWLEDGMENTS

I acknowledge the general support offered by my committee, particularly the

stimulating encouragement provided by Dr. James P. McGuirk.

I thank the United States Air Force for the opportunity to return to Texas A&M

University. I will cherish the experience that is being an Aggie for the rest of my life.

This research was sponsored, in part, by the Marshall Space Flight Center,

National Aeronautics and Space Administration. Additional research funding was

provided by the TAMU Computing Services Center, through the kind assistance of

Mary Anne Kornegay.

An oceanographer wrote, "Science is both an individual and a social activity."

I thank Cecilia Askue for sharing her office with me, and for countless enlightening

discussions, some of which were about meteorology. Chuck LeMay, besides being

a close friend of my family, conspired with Celia to help get me through several

tough programming and dynamics classes. Completion of this research is a direct

consequence of the great company and academic pointers provided by Capts. Askue

and Lemay.
, .g

My final acknowledgment is for the unfaltering support of my wife, Dawn-Marie.

This document is a testament to her efforts to preserve our sanity throughout our 7r

21-month stay. Raising our two daughters and giving birth to our son, practically on

her own, were the least of her trials while I was away at school. She proofed the

numerous drafts of this text, and improved upon my efforts more times than I'd like

to admit. I hope to continue study, some day, toward a Ph.D., and, with her by my

side, I'm sure we'll succeed.



TABLE OF CONTENTS

Page

AB3STRACT. .. ........ . .. .. .. .. .. .. .. iii

DEDICATION .. .. .... .... .. .. .. .. .. .. .. v

ACKNOWLEDGMENTS. ... ...... ....... ..... vi

TAB3LE OF CONTENTS. .. .... ...... ...... ... vii

LIST OF TAB3LES .. .. ...... ...... ...... ... ix

LIST OF FIGURES .. ... ...... ....... ........ x

I INTRODUCTION .. ... ....... ...... ....... 1

11 PREVIOUS WORK. .. ... ....... ...... ...... 3

Variability of Tropical Convection. .... ....... 3

Intertropical Convergence Zone .. .... ....... 5

OLR Data Analysis. ..... ...... ....... 8

III RESEARCH OBJECTIVES .. ... ...... ....... ... 10

IV DATA .. .. ..... ...... ...... ....... .. 12

NOAA OLR Data. ... ...... ...... ... 12

OLR Pre-Processing for This Study. .. ..... ... 15A

Selection of OLI? Domain.... .. .. .. .. .. .. 1
Average OLR Fields ... ...... ....... 16

Seasonal Component of ITCZ Variability .. .. .... 4
Ternporal Filtering. ... ...... ....... 34

V LOCATING ACTIVE CONVECTION IN THE ITCZ .. .. ....... 39

ITCZ Intensity Index ... ...... ...... .. 39

Identification of Active Regimes. ... ...... .. 42

Time-Longitude Sections .. ...... ........ 47

ITCZ Position Index. .. ..... ....... ... 57
Behavior of 1TCZ Position. .. .... ....... 58
Frequency Distributions. .... ...... .. 63
Intensity/Position Comparison .. ....... .. 64



viii

TABLE OF CONTENTS (Continued)

Page

VI CONVECTIVE ORGANIZATION DURING ACTIVE MODES . . . . 77

Time-Averaged OLR Fields. ...... ........ 77

Normalized Anomaly Fields .... ............. .80

VII SUMMARY AND DISCUSSION ..... ................. .. 83

REFERENCES ........ ......................... .. 86

VITA ........................................ 90

'



ix

LIST OF TABLES

Table Page

1. Response function of filters used in this study. .. ..... ....... 36



x

LIST OF FIGURES

Figure Page

1. Spatial domain of this study ...... ..................... .. 15

2. 8-season average OLR and average standard deviation .......... ... 17

3a. Seasonal OLR anomaly fields for 6-month cool seasons ........... 18

3b. Same as Fig. 3a, except 79/80, 80/81, and 81/82 .............. ... 19

3c. Same as Fig. 3a, except 82/83, and 83/84 .... .............. .. 20

4a. Seasonal OLR standard deviation fields for 6-month cool seasons . 21

4b. Same as Fig. 4a, except 79/80, 80/81, and 81/82 .............. ... 22

4c. Same as Fig. 4a, except 82/83, and 83/84 .... .............. .. 23

5. Daily OLR at 160°W/7.5°N during the 81-82 cool season ........ .. 24

6. Time series of three OLR components
at 160°W/7.5°N during 81-82 cool-season ..... ............. 25

7a. Relative strength of the seasonal cycle of
convection calculated from cool-season OLR data ............ .. 27

7b. Same as Fig. 7a, except 79/80, 80/81, and 81/82 .............. ... 28

7c. Same as Fig. 7a, except 82/83 and 83/84 ...... ............... 29

8. Time series of transformed OLR at 160'W/7.50 N ... ........... .. 30

9a. Frequency of occurrence of
transformed OLR in three zonal bands; at 20'N, 7.5'N, and 505 . 32

9b. Same as Fig. 9a,except 79/80, 80/81, and 81/82 ............... .33

9c. Same as Fig. 9a, except 82/83 and 83/84 ...... ............... 34

10. Time series of OLR at gridpoint 160°W/7.50 N during 81-82 season 38

11. ITCZ region used for longitudinal estimates of ITCZ intensity ....... 40

12. ITCZ intensity estimates at 160'W during the 81-82 cool season . 41

13. Same as Fig. 12, except zonally-averaged intensity estimates ....... 42

14a. Combination of Figs. 12 and 13;
gridpoint and zonally-averaged estimates ................. ... 43

14b. Same as Fig. 14a, except 79/80, 30/81, and 81/82 ............ ... 44

* . ...........



xi

LIST OF FIGURES (Continued)

Figure Page

14c. Same as Fig. 14a, except 82/83 and 83/84 ................. ... 45

15a. Time-longitude section of ITCZ
intensity estimates during 74-75 cool season ..... ............ 48

15b. Same as Fig. 15a, except 75-76 cool season ... ............ ... 49

15c. Same as Fig. 15a, except 76-77 cool season ................ .. 50

15d. Same as Fig. 15a, except 79-80 cool season ... ............ ... 51

15e. Same as Fig. 15a, except 80-81 cool season ..... ............ 52

15f. Same as Fig. 15a, except 81-82 cool season ................ .. 53

15g. Same as Fig. 15a, except 82-83 cool season ... ............ ... 54

15h. Same as Fig. 15a, except 83-84 cool season ... ............ ... 55

16. ITCZ region used by the position index .... ............... .. 58

17. ITCZ position estimates sampled at 160'W during 81-82 cool season 59

18. Same as Fig. 17, except for zonal-average position estimates ..... 60

19a. Combination of Figs. 17 and 18;
gridpoint and zonally-averaged estimates ................. ... 61

19b. Same as Fig. 19a, except 79/80, 80/81, and 81/82 ............. .. 62

19c. Same as Fig. 19a, except 82/83 and 83/84 ................. ... 63

20a. Distribution of position estimates of OLR minima sampled at 160'W . 65

20b. Same as Fig. 20a, except 79/80, 80/81, and 81/82 ............ ... 66

20c. Same as Fig. 20a, except 82/83 and 83/84 ................. ... 67

21a. Same as Fig. 20a, except for zonal-average position estimates . ... 68 4

21b. Same as Fig. 21a, except 79/80, 80/81, and 81/82 ............. .. 69

21c. Same as Fig. 21a, except 82/83 and 83/84 ................. ... 70

22a. Zonal-average estimates of intensity and position ............ .. 71

22b. Same as Fig. 22a, except 79/80, 80/81, and 81/82 ............ ... 72

22c. Same as Fig. 22a, except 82/83 and 83/84 ................. ... 73

23a. Same as Fig. 22a, except gridpoint estimates at 160oW ........ .. 74

23b. Same as Fig. 23a, except 79/80, 80/81, and 81/82 ............ ... 75

23c. Same as Fig. 23a, except 82/83 and 83/84 ................. ... 76



xii

LIST OF FIGURES (Continued)

Figure Page

24. OLR composite map constructed from

22 days in the 74-75, 75-76, and 81-82 seasons .... ........... 78

25. OLR composite map constucted from 26 days in four seasons . ... 79

26. Same as Fig. 25, except using 16 active days ..... ............. 79

27. t-statistics obtained from the GRID composite .... ............ 80

28. Same as Fig. 27, except from the ZAVG composite .... .......... 81

29. Same as Fig. 27, except from the ZGRD composite .... .......... 81

4,

Il

i



I. INTRODUCTION

One of the most striking features of the planet's long-time average cloudiness

is the zonal band of concentrated convection lying near the equator. The spatial

and temporal variability of this intertropical convergence zone (ITCZ) on large

(planetary and seasonal/annual/interannual) scales has been well-documented in

studies of monsoon behavior (Krishnamurti and Subrahmanyan, 1982) and low-

frequency oscillations of tropical circulation (Madden and Julian, 1971; Liebmann

and Hartmann, 1982).

Smaller-scale temporal and spatial variability is difficult to study over the tropical

oceans for several reasons. First, conventional surface and upper air data are

virtually non-existent in some tropical regions. Except for special field programs

such as the Global Atmospheric Research Program's (GARP) First GARP Global

Experiment (FGGE), the GARP Atlantic Tropical Experiment (GATE), and the Line

Islands Experiment (LIE), observations come mainly from widely scattered island

stations and infrequent ship reports. Even in the long records of some tropical

stations, the diurnal and annual signals overwhelm fluctuations on other time scales.

Finally, analyses of variables such as geopotential (Lin ahtd Mock, 1986) and moisture

(Thompson et aL., 1984; and McGuirk et al., 1986) generally are less reliable in the

tropics. These problems make the use of satellite data an attractive alternative and

the preferred means to study variability of tropical weather systems.

In this study, outgoing longwave radiation (OLR) data are examined to determine

the time-mean behavior of convection over the tropical Pacific during several six-

month cool seasons. Appropriately-filtered OLR were analyzed to find preferred

times and places for intense convection. A number of active episodes were identified

Format is similar to that of the Journal of the Atmospheric Sciences.
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using indices of ITCZ intensity. Convective organization during active modes was

described using time-longitude sections and composites of daily OLR.

A survey of previous work on the variability of tropical convection in general,

and on the ITCZ in particular, is presented in Section II. In Section III, the problem

is defined, research objectives are listed, and research methodology is outlined.

The OLR data set is described in Section IV along with the assumptions about, and

limitations of, these data. Data processing procedures are also discussed in Section

IV. Section V contains a description of the procedures used to identify active modes,

and Section VI discusses techniques used to describe convective organization during

active modes. A summary and discussion of the results is presented in Section VII.

V
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II. PREVIOUS WORK

Considerable research has been devoted to spatial and temporal variability of

tropical circulation and convection. The scales of interest range from long-period,

global phenomenon such as the El Nino-Southern Oscillation (ENSO) events, to

synoptic and smaller-scale features, as in the GARP Atlantic Tropical Experiment

(GATE) experiment. In later years, the availability of satellite observations greatly

advanced the understanding of tropical meteorology. Previous work bearing on

this study falls into three categories: the general investigation of variability of

tropical convection; the more specific research on the variability of the intertropical

convergence zone (ITCZ); and, work done with the NOAA outgoing Iongwave

radiation (OLR) data.

Variability of Tropical Convection

The variability of tropical convection on long-time scales has been well-

documented in studies of the ENSO phenomenon. During "warming" or intense

ENSO events, tropical convection rapidly intensifies and expands eastward in con-

junction with a warming equatorial eastern Pacific Ocean. Liebmann and Hartmann

(1982) showed that warm SST anomalies during ENSO were accompanied by an in-

crease in the amount of high cloud. This increase in high cloud amount during

warming events in 1976-77 and 1982-83 is reflected in satellite infrared radiation

(IR) observations as exceptionally cool IR emissions over the southeastern tropical

Pacific.

Heddinghaus and Krueger (1981) investigated annual and interannual variability

of tropical convection using empirical orthogonal function (EOF) analysis of monthly

mean OLR data. They found that the first eigenvector (the solar-forced annual cycle

C_
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of convection) contributed 66% of the total OLR variance. The second eigenvector

(the spring-fall semiannual cycle) contributed 6% of the variance and showed that

the Northern Hemisphere ITCZ is best developed during the northern autumn at

around 10'N i. the Pacific.

Intraseasonal variability (ISV) of tropical circulation in the Pacific was described

by Madden and Julian (1972). They used spectral analysis of 5-10 years of daily

radiosonde and station pressure data from tropical islands. Results showed that

disturbances originated over the maritime continent, spread eastward across the

tropical Pacific, and then repeated, with a period of 40-50 days. Patterns of

cloudiness near the equator have the same strong, low-frequency, 20-60 day period

and also appear to propagate eastward. In results from EOF analysis of low-pass

filtered OLR data, Murakami (1980) noted that subtropical OLR anomalies poleward

of 10'N move west-northwestward, while equatorial anomalies propagate eastward.

Lau and Chan (1985, 1986) reported more complex changes of a 40-50 day oscil-

lation of tropical convection over the Indian and western Pacific Oceans. They used

complex EOF analysis of low-pass filtered OLR to study propagation characteristics

of the 40-50 day tropical oscillation. Time series of area-averaged OLR over the west-

ern and central Pacific showed an east-west oriented dipole pattern of convection

anomalies. This cloudy/clear pattern had three propagation modes: 1) eastward from

the Indian Ocean to the central Pacific; 2) northward from the Indian Ocean to the

Indian subcontinent; and 3) northwestward from the equatorial western Pacific to

the South China Sea. Lau and Chan noted that this 40-50 day signal "substantially

diminishes over the equatorial eastern Pacific." Little or no ISV signal has been

found east of the dateline in the eastern North Pacific. Most studies of ISV of trop-

ical convection focus on the East Asian monsoon region and nearby western Pacific

/,



Ocean.

Weickmann et al. (1985) statistically related OLR data and 250 mb streamfunction

fields to study oscillations of tropical disturbances. After constructing time series

of OLR means and variances, they noted several characteristic convection regimes.

R-latively high mean OLR and low variance were found in the semi-permanent

subtropical high pressure systems. Conversely, low mean OLR and high variance

were prevalent over the intertropical and Southern Pacific convergence zones.

Where persistent deep convection occurs over tropical land masses such as Africa

and South America, both the mean and the variance were anomalously low.

The relationship between ISV and short-period variability of tropical convec-

tion was investigated by Murakami et al. (1986). Time series of temporally filtered

OLR showed that the amplitude of short-period fluctuations (periods shorter than

24 days) aid the ISV signal oscillated with the same period and were negatively

correlated. The domain was the tropical western Pacific, where transient distur-

bances tend to be most active during the wet (negative) half-cycle of the ISV (24-91

day periods). Nakazawa (1986) confirmed this relationship, noting that most of the

synoptic-scale Pacific Ocean typhoons developed during the wet half-cycle of the

30-60 day OLR perturbations at 10'N.

Intertropical Convergence Zone

One of the most interesting aspects of tropical meteorology is the distinctive,

yet elusive, ITCZ. Various authors describe the ITCZ differently in terms of its char-

acteristic features. Early observations of mean fields of cloudiness, precipitation,

and surface wind confluence showed a near-equatorial zone of maxima of these

elements. Later observational and theoretical studies revealed surface pressure, up-

ward vertical motion, and sea surface temperature (SST) extrema near this zone.

-~ .. . V, R . ~ .......
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Recent research shows that the convergence-cloudiness-rainfall axis does not co-

incide with the zone of maximum SST and minimum surface pressure (Hastenrath,

1985). The instantaneous location and intensity of these circulation and convection

features fluctuate on all time scales. Analysis of aircraft-measured data gathered dur-

ing the North Pacific Experiment (NORPAX) from November 1977 to January 1978 led

Ramage et al. (1981) to conclude that the ITCZ was a "well-defined, higl. y variable,

unpredictable phenomenon of daunting complexity."

For the purpose of this research, the ITCZ is defined in terms of the OLR data

used to study it. The ITCZ over the Pacific Ocean is defined as the ensemble of

all convective activity occurring across the Pacific in the zonal band between the

equator and 150 N. Included in this definition are the long-time mean cloudiness,

interannual variations such as the ENSO events (even though they tend to wander

outside of the stated boundary), tropical cyclones, typhoons, and cloud clusters.

Excluded from this definition (and outside the scope of this study) are the Southern

Pacific convergence zone (SPCZ) and features restricted to the far western Pacific

such as monsoonal cold surges. Convection associated with mid-latitude frontal

systems occasionally extends into, and interacts with, the ITCZ; such phenomena are

of interest to this study. This definition is applicable both locally in time and space,

as well as in the zonal and long-time average.

The ITCZ lies just north of the equator in the annual mean, aid follows the

seasonal march of the sun, swinging further poleward over continents than over

oceans. Gruber (1972) analyzed brightness values from ESSA-series satellites to

determine the position of the maximum brightness in the ITCZ region. He found

that the ITCZ remained north of the equator over both oceans year-round. In the

northeastern Pacific, the position varied between 15'N (during late summer) and
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50 N (during late winter).

Hartmann and Recker (1986) examined nine years of OLR data with 12-hour tem-

poral resolution, noting maximum ITCZ convection during June-July-August (JJA).

Between-season variability has a spatial dependence, with the largest fluctuation

occurring over the tropical land masses. Locations distant from the influence of con-

tinents, as in the central Pacific, have a weaker seasonal cycle of ITCZ intensity and

position.

One manifestation of synoptic-scale ITCZ disturbances is the tropical plume

or tropical intrusion. McGuirk and Thompson (1984) presented strong evidence

linking explosive development of localized ITCZ convection with an upper-level

trough extending equatorward from the mid-latitudes. This enhanced convection,

or tropical plume, appears to last for about three days and then subsides as the

upper trough progresses eastward past the quasi-stationary tropical plume origin

point (Smith et al., 1985). In his climatology of over 150 plume events during three

northern winters, Smith (1986) found that plume activity is most vigorous in the

eastern North Pacific and during the November-April cool season when the zonal-

mean ITCZ is weak.

Two techniques used in studies of the Atlantic ITCZ were used in this research.

Murakami (1979) computed area-averaged infrared radiation (IR) brightness values

and displayed results in time series and time-longitude diagrams. He related the

variation of IR to fluctuations in convective intensity in the Atlantic ITCZ. Frank (1983)

used full-disc IR imagery to estimate subjectively the latitude/longitude position of

the Atlantic ITCZ. He presented time series of the 3-hourly estimates and a frequency

diagram of the central Atlantic (23'W) latitudinal position (see his Figs. 3 and 4). He

found a bimodal distribution of ITCZ position, with peaks near 6°N and 8'N latitude.

- - .
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Both of these studies were conducted using data gathered during GATE.

OLR Data Analysis

Perhaps the most important assumption in this study is that satellite-sensed OLR

over tropical regions is a good analog for convective activity. In the tropics, OLR

amplitude is modulated mostly by cold clouds within the sensor's field of view. In

particular, it varies with cloud top temperature. Cold, high tops near the tropopause

emit low radiation on the order of 220 W/m 2 or less, while trade wind cumulus and

clear oceanic regions appear warmer and emit OLR at 260 W/m 2 or more. Several

researchers have used this relationship to study fluctuations of tropical convection

on several temporal and spatial scales.

Lau and Chan (1983) examined short-term climate variability using seven years

of OLR. They noted two basic modes of fluctuation in the OLR data and, from

these, concluded that there are strong teleconnections, both within the tropics

and between the tropics and middle latitudes (see their Figs. 9 and 10). Meehl

(1987) used monthly mean OLR over eight years to describe the annual cycle and

interannual variability of tropical convection. From the above studies and numerous

other examples (Murakami, 1980; Liebmann and Hartmann, 1982; Lau and Chan,

1986), it appears that the assumption that OLR is analogous to tropical convection

is well-founded. There are, however, important limitations to be considered when

using OLR data. These are outlined in Section IV.

In summary, much research has been conducted to describe the large-scale

variability of tropical convection. Satellite data, particularly digitized and gridded

outgoing longwave radiation, is a preferred means to study convection and circu-

lation over data-sparse tropical oceans. The predominant signals of low-frequency

variability are the annual and semiannual cycles and the 30-60 day oscillation. Var-

= ~' V .',V
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ability of ITCZ convection has been examined in the Atlantic and western Pacific
regions. The annual cycle of solar heating affects both the intensity and position of

the Pacific ITCZ, and short-period fluctuations appear to be correlated with phases

of intraseasonal variability. ITCZ variation on temporal scales smaller than that of the

30-60 day fluctuation have not received much attention.

16

%

5'

'*



10

III. RESEARCH OBJECTIVES

There were two primary objectives of this study. The first was to find periods of

time and locations in space where the Pacific Intertropical Convergence Zone (ITCZ)

had unusually intense convective activity during several six-month cool seasons. The

second objective was to describe convective organization during these active modes.

To attain these two objectives, several tasks were accomplished.

The behavior of the Pacific ITCZ was described quantitatively using outgoing

longwave radiation (OLR) satellite data. Descriptive statistics were used to define

both the seasonal mean OLR fields and the associated OLR standard deviation

fields. Regions with relatively low mean OLR, in conjunction with high OLR standard

deviation, identified the average location of the ITCZ. The combination of these OLR

parameters adequately defined the temporal mean position and extent of the Pacific

ITCZ.

Indices measuring area-averaged OLR in the ITCZ region were defined using

the position information obtained from the seasonal mean ITCZ behavior. These

indexes were based upon a fundamental assumption that cool OLR anomalies over

the tropical oceans implied widespread, or intense (or both) deep convection. One

index estimated the intensity of ITCZ convection; the other estimated the latitudinal

position of the most intense convection. Both indices used daily OLR that was low-

pass filtered to remove high-frequency variability. Both indexes provided estimates

at 24 h and 2.50 longitude resolution throughout the domain.

Time series of the the intensity estimates were used to find extreme departures

from the seasonal mean behavior. Periods and places having area-averaged OLR

values significantly less than the mean over a long period of time were identified as

"active" regions. Time-longitude sections of the intensity estimates were used to

11 'V



show: 1) how active modes developed through time and space; and, 2) how ITCZ

convection in different parts of the domain varied. Time series of the intensity and

position estimates were compared to determine how changes in ITCZ intensity were

related to variability of ITCZ position.

To describe convective organization during the active modes, composites of

daily OLR were constiucted. Days were selected ab "active" using three methods,

and the composites obtained using days from the three methods were compared. A

test was devised to analyze the convective patterns in the composites for statistical

significance.

, -
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IV. DATA

Fluctuations in amount of high clouds (with tops in the upper tropical tropo-

sphere) modulate infrared radiation (IR) emission observed to space over the tropics.

Scanning radiometer measurements taken by sun-synchronous NOAA polar-orbiting

satellites have produced outgoing longwave radiation (OLR) data since June 1974.

Digitized OLR has been the preferred data in many investigations of tropical climate

variability, and are the data used in this study of ITCZ variability.

Discussion of the data and preliminary processing is presented in two parts.

The first outlines how NOAA derives OLR from window radiance measurements.

The relationship between window radiance and equivalent cloudtop temperature is

also discussed. The second part describes procedures used to process further the

OLR data for this study. Treatment of missing data, removal of seasonal trends, and

temporal filtering are addressed. p
NOAA OLR Data

Twice-daily observations of upwelling 10.5-12.5 pim window-channel infrared

radiation (IR) are taken around the globe, with morning and evening equator

crossing times varying Irom 0230 to 0900 LST (southbound) and 1430 to 2100 LST

(northbound). Original 8 km resolution data are spatially-averaged, digitized, 'Ind

archived on square grids of 2.5' latitude-longitude resolution. The IR measurements

taken over the equator are therefore effectively smoothed to approximately 280

km spatial resolution. Gruber and Winston (1978) and Gruber and Krueger (1984)

describe the data in detail. This study uses an 8-year subset of the NOAA data; the

time period spans 21 October 1974 to 10 May 1984 (with some missing portionsL

These data were adjusted at NOAA for bias due to changes in satellites and

. . .. - ' .. .. i
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window-channel radiometers, and were standardized with respect to equatorial

crossing times. In the corrected data, scene-to-scene variation is on the order of

10 to 100 times larger than the 1 W/m 2 instrument uncertainty (Short and Cahalan,

1983). The only substantial period of missing data stretches from March through

December 1978. Other missing portions are confined mostly to narrow north-south

bands on individual satellite passes.

A fundamental assumption used in this study is that low, or cold, OLR anomalies

over the tropical oceans imply intense and/or widespread deep convection. This

assumption is substantiated when considering how OLR is derived from satellite-

observed window radiance. NOAA uses a three-step procedure. Window radiance

(R,) is converted to radiance equivalent brightness temperature (Trb) through

Planck's Law:

T~b C2 "Vo
Trb - - 1)] (1)

where R, is the window radiance observed at the central wave number, v,. The

constants cl and c 2 are

1.191 ) i0 . 5 erg cm 2 sec - 1 , and

C2 = 1.439 cm 'K.

Next, flux equivalent brightness temperature (Tnf) is obtained using an empirical

regression formula:

Tf (a - bTrb ) • rb (2)

- d5 5' 1/~ ~ %> ' ~
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(from Ohring et al., 1984), where, for example, for the NOAA 7 observations,

a = 1.2149, b = 0.001055 K- 1. Similar expressions were used for the other

IR sensors onboard the NOAA SR series, TIROS N, and NOAA 6 satellites. Finally,

OLR flux emittance, Foir, is derived using the Stefan-Boltzmann Law:

FoIr T 4T. (3)

The approximate relationship between equivalent cloudtop temperature (T,)

and OLR emittance (OLR) is:

AOLR 2W 2 - (4)
AT, m2  K

with respect to a reference point of: OLR ; 250 W/M 2 at T, = 273°K (from

Cahalan et a., 1982). This correlation between satellite-observed window radiance

and equivalent cloudtop temperature is the basis of the fundamental assumption

used in this study.

One disadvantage of these data is the imprecise physical link between OLR and

'hree-dimensional convective structure. The OLR information provides only a one-

dimensional plan view of small regions of middle and upper tropospheric clouds.

Low, or cold, anomalies of OLR over the tropical oceans indicate either more than

usual cloudiness in the upper troposphere, in the vicinity of the gridpoint, or more

deep convection than is usual, or both. Circulation and vertical structure cannot be

inferred using only OLR analyses. The close correlation between areas with relatively

cool OLR values and regions of deep convection in the tropics makes these data

appropriate for the purpose of this study.

.p



OLR Pre-Processing for This Study

The NOAA OLR data were processed to facilitate analysis of the Pacific ITCZ

during Northern Hemisphere cool seasons. Missing data at gridpoints were filled

by temporally averaging to 24 h resolution. This averaging reduced the amount of

missing data by approximately half. The remaining missing gridpoint values were

filled by interpolation over adjacent space and time gridpoints.

Selection of OLR Domain

The spatial domain of this study is the Pacific Ocean, from 120'E to 90°W, and

from 40'N to 10*S (Fig. 1). With data points spaced every 2.50, this domain results in

daily grids of 61 (zonal) by 21 (meridional) points. This spatial domain contains the

temporal mean position of the Pacific ITCZ, as well as extreme departures in position

from that mean location. Equatorial and subtropical convection that is related to the

ITCZ is also captured in this domain.

Pacific Ocean

S iO0N- ~~ ~~~~ ~~~~~~ ~~~~~~ ...... '.. ':i:::::::::::::::: .:::::::::: ... ...........! 7. 
I..... ..;.- ,.. .... .:i.,i.

...... .....

30* N........... ........ . ..... . . . . . . ....
0. . . ...........-... .... ..... ..... - ....

. .......... . .

-120 0 E 140 ° E 1600 E 1500 W WNGD160
W 14.00 W 120 ° W 100 ° W

~Fig. 1. Spatial domain of this study. Grid represents 2.5c spacing of OLR.

..... .... .... ....
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An appropriate temporal domain was selected to allow study of wintertime

ITCZ activity. Previous studies indicate that during the Northern Hemisphere winter

the seasonal mean ITC7 is weak, and unique disturbances within the ITCZ develop

(see, for example, McGuirk, 1987). OLR from 1 November to 30 April during eight

winter seasons (1974-75, 75-76, 76-77, 79-80, 80-81, 81-82, 82-83, and 83-84) were

retained for further analysis. In addition, to account for boundary effects of temporal

filtering, 10-day buffers on each end of all six-month seasons were added. Each of

the 8 "six-month" seasons contained OLR from 21 October to 10 May.

Average OLR Fields

Researchers have used OLR to determine estimates of monthly, seasonal, and

annual mean fields of cloudiness (e.g., Gruber et al., 1986). Figure 2 shows maps of

the 8-season mean OLR and the associated standard deviation. Obvious features are

the regions of warm mean OLR with low standard deviations that mark the average

location of the Pacific subtropical high and the equatorial dry zone. The Pacific ITCZ

appears as the zonal band of low mean OLR with correspondingly high standard

deviation, centered near 8°N latitude.

These 8-season mean fields are the gridpoint averages of the eight individual

seasonal-average maps. OLR anomalies (the difference between the season-average

and the 8-season grand average) were computed for each season to show interannual

variability of the mean fields (Fig. 3). Seasonal standard deviation (temporal variation)

maps associated with the season-average OLR are shown in Fig. 4.

The anomaly maps illustrate both the similarities and the interannual variation

between temporal mean convection in the eight cool seasons. As an example,

during the 1982-83 ENSO event, widespread intense convection, indicated by very

large negative OLR anomalies, over the entire equatorial Eastern Pacific is obviously

- - . ~ ~ ~ ~
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average convection patterns similar to the long-time mean. An interesting feature

common to both the 74-75 and 75-76 seasons are warm/cool dipole-like anomalies

located near 1650W/50S and 150'W/15'N, respectively. Another feature of *the

anomaly maps is that the negative (or cloudy) anomalies are oriented primarily west-

east, often with slight tilts to the ENE (see, for example, Fig. 4a, the 74-75, 75-76,
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Fig. 3c. Same as Fig. 3a, except 82/83 (top), and 83/84 (bottom).

and 76-77 seasonal anomalies).

The standard deviation (variability through time) fields show three zones of 5S

high variance along the ITCZ. A western zone, stretching southeastward from the

Phillipine Islands, is associated with the Southern Pacific convergence Zone (SPCZ).

The other zones are located near 1 60'W/8' N and between 90OW and 1 20'W at 15- N.

The seasonal fields of standard deviation are well-correlated (negatively) with their

respective OLR anomaly fields. Warm OLR in the subtropical high and equatorial

0*~k
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Fig. 4c. Same as Fig. 4a, except 82/83 (top), and 83/84 (bottom).

dry zone is persistent, while cool OLR in the ITCZ and SPCZ is high ly-variable.

There are regi1ons in some seasons that are exceptions to this general behavior.

For example, over the maritime continent (primarily Indonesia), there is strong,

persistent convection year-round, resulting in low seasonal-mean OLR and low

standard deviation.

These seasonal and grand mean OLR and standard deviation maps describe the 0

average position of the ITCZ as well as interannual departures from average. This
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position information about the temporal mean ITCZ was used to develop the ITCZ

indices described in Section V.

Seasonal Component of FTCZ Variability

A time series of daily OLR at any single gridpoint shows that a large portion of

the variation in time is due to the annual and semiannual cycles of solar insolation

(Fig. 5). In order to study variability on shorter time scales (periods of less than

6 months), the temporal mean and the annual and semiannual components were

calculated for each season, and were then subtracted from the daily data.

300.0 -

800.0. ii ' "v, UNF31"OCESSED' 8 182 "O"!'(0W)

_ 2.0~- 7

200.0

1750 -

1500

NOV DEC JAN FEB MAR APIR MAY
1981 1982

Fig. 5. Daily OLR at 160°W/7.5)N during the 81-82 cool season. Symbols
appear every 7 days. horizontal line is the seasonal mean, units are W/m2 .

Over a given cool season, a time series of daily OLR can be represented as a

sum of three components;

olr(j, j ,t) = OLR(i,,) 4- OLRijt) + ± OLR'

olr(.3,t) are the daily OLR values: OLR(i,.t) are the seasonal mean values at each

XS
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gridpoint, averaged across 185 days at each gridpoint, for each season. OLR(,j,t)

is the slowly-varying (periods longer than z 90 days) component; and the residual,

O1"R]i,j,t), contains short temporal scale variability (periods less than 90 days).

Indices used are i = 1 to 61 for zonal gridpoints; j = 1 to 21 for meridional

gridpoints; and t = 1 to 185 for days in the given record.

Figure 6 is a plot of the time series of these components observed at a

representative gridpoint during the 81-82 cool season. Curve A is the series

of olr(jj,t); Curve B represents the sum of the seasonal mean and long-period

component ( OL(i,j) + OLR(j,) ); and Curve C (on the lower horizontal axis)

is the series of the residual, OLR0i,M).
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0 .0 ;- ;--);- :i.; - --;. ; ...'-;..,--: - .-' -.. .... ........I. ....... .............. : -..-.... -....... .. .. . .; -- = --..- :. : - ..: -'J

0 .4 .--.... .... ..... : i ........ 4 .... ........... ... ...... -j.. " * '
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1981 1982

I
Fig. 6. Time series of three OLR components at 160 0W/7.50 N during 81-82

cool season. Units are W/m2 , and the three curves are described in the text.

The long-period component (OLR(,j,)) was obtained by fitting a least squares 0

curve to the OLR time series (185 days) at each gridpoint. The relative strength of the

seasonal cycle was captured by solving for the first two terms in a tempo,-il Fourier

decomposition of the original OLR series. For example, in a given cool season and at
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a given gridpoint location (fixed i and ), the residual-plus-long-period component

was expressed as the Fourier series of the original daily series minus the seasonal

mean (from (5));

olr(,) - OLR = OLR(t) - OLR = a, cos nwi - b, sin nwt (6)
n=1 -

where the index t counts through the 185-day cool season, and the fundamental

frequency, w, was defined in terms of the annual cycle:

2-,r
365

The infinite Fourier series in (6) was truncated using only the first two terms

(the annual and semiannual cycle; n = 1,2) to estimate the Fourier coefficients aa,

a2 , bl, and b2 . These coefficients were computed for each gridpoint location in

every cool season. An index was defined to estimate the amplitude of the annual

and semiannual cycle as:

2 2  2b2 i-j
season(j,j) V (a - a 2  1 2 (7)

where the a's and b's are from (6). Plots of these estimates for each season appear in

Fig. 7. Notice the large amplitude of the seasonal cycle in the ITCZ region compared

to that in the subtropical high region. In general, regions of large amplitude of

the annual/semiannual cycle in Fig. 7 correspond closely to the areas of large

standard deviation in Fig. 4. The truncated Fourier series made up the long-period

component, OLR(ijt), appearing in (5) and (6). After subtracting the long-period

component and the time-mean (OLRi.)) from the original data, further processing

A/ A
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continued with the residual, or short-period component, OLRI~,)

olr(i,,,t) -OLR~ij - L~~jt = LR1 3 t 8

Q -.~ -8283 SEASON
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Fig. 7c. Same as Fig. 7a, except 82/83 (top), and 83/84 (bottom).

The results were nearly-stationary time series at each gridpoint throughout

each cool season. Figure 8 is a plot of the series of the daily OLR (OLRI1 ,,)

from (8)) at 16O'W/7.5cN during the 81-82 cool season. The time series is only
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"nearly-stationary" because, as is apparent in Fig. 8, there still remains some long-

period trend. However, the long-period variability remaining in the OLRI is

not forced by the annual/semiannual solar cycle. This unforced long-period or low-

frequency variability is due probably to global-scale fluctuations in the Earth's general

atmospheric circulation, and is of some interest in this study.
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STRANSFORME 8182 OE:46.o i - .... .... ... ... ... ... .. ... W D - I0 . 1 ATI
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Fig. 8. Time series of transformed OLR at 1600W/7.50N. Units are W/m,
horizontal line is seasonal mean. Symbols spaced every seven days.

As part of the descriptive statistical analysis, frequency distributions of the data

in appropriate locations are presented. If the OLR data are not approximately

normally distributed, tests for significance of means or confidence intervals will be

invalid. The range of data shown in Fig. 8 was divided into ten class intervals, each of

width 25 W/m 2, from -125 to + 125 W/m2. Sampling was conducted in the three

main convective regimes of interest in this study. The subtropical anticyclone was

sampled at 20'N, between 170'W to 150'"', or at nine gridpoints in the seasonal

average center of the warm OLR anomaly. The ITCZ and the equatorial dry zone

II

were sampled at 7.5N and 50S, respectivelys, over the same zonal strip (170oW to

in~~~~~~~~~~~~ .prpit .oain .r prsntd If .h .L dat .r . o .prxmtl
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150'W). The occurrences of transformed OLR (OLR(i,j,t)) from (8)) in the intervals

noted, in these three regions, and in each season, were totaled and are presented

in Fig. 9.

The distribution of transformed OLR in the subtropical anticyclone (dashed

curves in Fig. 9) is nearly Gaussian, except for negative tails in some seasons. This

region has the narrowest range (small a) of OLR, with expanded spreads of OLR

during the two ENSO seasons, 76-77 and 82-83. The mode is positive (relatively

cloud-free) in all seasons except the strong ENSO (82-83) season.

OLR in the ITCZ region (solid curves) is broadly distributed (high T) with the

largest negative tail (most negative anomalies, or cloudiness). Three seasons (76-77,

79-80, and 80-81) show a bimodal tendency with a second (minor) positve maxima.

This may be indicative of periods when the ITCZ was inactive, or active at a position

different from 7.5°N latitude. The primary mode is negative (relatively cloudy) in

five of eight seasons.

The equatorial zone (dotted curves) has variable OLR distributions. During

half of the seasons (74-75, 75-76, 79-80, and 81-82), the equatorial and subtropical

distributions are similar, while during the others (ENSO seasons 76-77 and 82-83,

and 80-81 and 83-84), the equatorial distribution appears similar to that of the ITCZ.

This behavior is probably linked to interannual variations in the average position of

the ITCZ. When the seasonal average position of the ITCZ is south of the long-time

mean, the equatorial zone has more cloudiness (with OLR distributed similar to the

ITCZ); and when north of the long-time mean, the equator is more cloud-free, like

the subtropical anticyclone.
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Fig. 9a. Frequency of occurrence of transformed OLR in three zonal bands; at 200N,

7.50N, and 5S. Nov 74-May 75 (top), 75/76 (middle), and 76/77 (bottom).
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Fig. 9c. Same as Fig. 9a, except 82i83 (top), and 83/84 (bottom).

Ternporal Filtering

Low-pass filtered, or low-frequency, OLR were used to develop indices mea-

suring intensity and position of convection in the ITCZ. Desired results from these -

indices guided the design of the time filter.

One concern in the design of the filter was selection of a cut-off frequency,

the period of fluctuations at which at least half of the original amplitude is retained.

Cut-off frequency affected three characteristics of the ITCZ indices: the number
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of episodes observable during each 185-day season; the amplitude of the intensity

estimates; and the minimum duration of each convective episode. First, for higher

cut-off frequencies (or shorter periods, in days), more episodes could be captured

during the 185-day seasons. Next, since the filtering technique used successive aver-

aging to remove increasingly longer short period variation, as the cut-off frequency

decreases (period increasing), so also the amplitude of the signal is reduced. Finally,

the lower limit of the duration of a given episode is determined by the cut-off fre-

quency. If the cut-off frequency is set too low (period too long), significant intense

convection lasting for short periods may not be resolved by the index.

In a compromise of the considerations listed above, two low-pass filters were

used, one with a cut-off period of 10 days, and the second with a 20-day cut-off.

The 10-day data containing more short-period variability were used for the intensit,'

index. These data proved too "noisy" for display in a time-longitude format and for

the position index. The 20-day data, with less short-period variability, were used for

these applications.

Temporal filtering was accomplished by using multiple applications of a simple

1-2-1 averaging operator on the daily OLR (from (8)). The desired cut-ont periods

were obtained by selecting the appropriate number of applications of the operator.

The number of iterations required was determined by examining the amplitude

response function of the 1-2-1 operator.

This response function, for the operator applied one time, is:

R(P) = 1 - 2 w2 sin 2 t (9)

(after eqn (4) by Bettge and Baumhefner, 1980; hereafter termed BB) where R is the

response amplitude, a function of P, the period in days, and of At, which is 1 day.

p -' ' 3 3
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The weight, w2 , in (9), equals 0.5 in the 1-2-1 operator.

For m = 7 iterations, the response function is:

Rm= 7(P)= - sin At (10)

Table 1 lists the response function [R in (10)] as a function of period (P) for

m. = 7 iterations (see the column labeled "10-day low-pass" ). Notice that for

m = 7, this filter (10) completely eliminates disturbances (R z 0) with periods

shorter than 4 days; and the filter retains signals (R > 0.5) with periods longer

than the desired cut-off of 10 days. Also shown in Table 1 is the response function

for m = 28 iterations (the column labeled "20-day low-pass" ); this filter retains

activity with periods longer than the second cut-off of 20 days.

TABLE 1. Response function (R) of filters used in this study.

Fraction of original amplitude retained.

Period 1 0-day 20-day
(days) low-pass low-pass

360 1.00 1.00
240 1.00 0.99
180 1.00 0.99
150 1.00 0.99
120 1.00 0.98
90 0.99 0.97
60 0.98 0.92
40 0.96 0.85
30 0.93 0.73
20 0.84 0.51
15 0.74 0.29
12 0.62 0.14
10 0.50 0.06
8 0.33 0.01
6 0.13 0.00
4 0.01 0.00
2 0.00 0.00

* a,.
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The boundary days t = 1 (21 October) and t = 185 (10 May) were

not filtered using the 1-2-1 time-averaging operator because there are no time-

adjacent points before and after (respectively) these days. There are several ways

to filter boundary values; all methods introduce contamination. BB compared four

different boundary conditions (BC) (fold, constant, linear extrapolation, and cubic

spline extrapolation) and concluded that one-dimensional filtering is not sensitive

to the choice of BC, and that, for all four conditions, the interior domain remained

unchanged with respect to all amplitudes and phase shifts. They found only small

differences between the four BCs immediately adjacent to the boundaries. As the

BC averaging operator used in this study (modified 1-2-1) is only one gridpoint

in length, a "fold" boundary condition filter was used. Contamination due to this -

boundary approximation extends into the interior of the six-month cool-season data.

For this reason, each record includes the 10-day "buffers" on either end to absorb

this contamination.

Plots of the time series of the unfiltered OLR (Curve A), the 10-day low-pass

filtered OLR (Curve B), and the 20-day low-pass filtered OLR (Curve C) are shown

in rig. 10. The 10-day series contains several local extrema missing from the 20-day

series, although the 20-day OLR capture the general trend of convective activity at

this location. As is discussed in the following section, the 10-day OLR were used

to select single days having intense convection. The 20-day data were used to find

broader ranges of time and space with active convection.

%1
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V. LOCATING ACTIVE CONVECTION IN THE ITCZ

The first objective of this research was to find preferred periods and regions of

intense ITCZ convection. Toward this end, the first task was to construct an index

that measured convective intensity in terms of the OLR data. Active regimes were

identified using time series of the intensity estimates. Time-longitude sections of

this index showed how active modes originated in the central Pacific and spread

longitudinally with time. A second index, measuring the latitudinal position of

maximum convection, was also developed.

ITCZ Intensity Index

Murakami (1979) studied both the temporal mean and day-to-day behavior

of the Atlantic Ocean ITCZ during GATE. He used satellite-observed IR brightness

collected every 3 hours at 10 latitude/longitude resolution in the zonal band between

50 N and 10'N (see his Figs. 4 and 5). The intensity index developed in this study

was patterned after that of Murakami.

The intensity index measured area-averaged OLR in the ITCZ region at meridians

across the Pacific on every day of each season. The ITCZ region used for the index

was selected based on the information obtained from the seasonal fields of average

OLR and standard deviation. Figure 11 shows the region over which the daily OLR

were area-averaged. Estimates of ITCZ intensity were computed at every 2.5c of

longitude between 120'E and 90'W; that is, 61 positional estimates across the Pacific,

each day of each cool season. Zonally-averaged intensities were computed for each

day as well.

The longitudinal estimates of convective intensity were derived by averaging

OLR at four points between 12.5°N and 5°N at the given meridian. The four

.1'
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Fig. 11. ITCZ region used for longitudinal estimates of ITCZ intensity. OLR
between 12.50N and 50 N were averaged at every 2.50 longitude across the domain. "%

intensities were obtained (at 12.50, 10.00 , 7.50 , and 5.0°N latitude) by applying

a 13-point, weighted-averaging template at the given latitude/longitude gridpoint.

Figure 11 illustrates the arrangement of the gridpoints in the template as it is applied

at the 160°W/7.50 N location. The center point was weighted at , the four corner

points at -, and the other eight points were weighted -L. The template spans

an area of approximately 500,000 km2 , which is roughly equivalent to a small-sized

synoptic event. This template was applied at the four latitude parallels listed, and Z,,t

the'intensity estimate assigned to the given meridian was the average of these four. S
One feature apparent in the mean behavior of the cool season ITCZ is that

convective activity differs significantly between the western, central, and eastern

Pacific (see Figs. 2 and 3). To minimize this bias, the seasonal mean intensity

(averaged across 185 days) at each meridian was removed. The zonally-averaged

intensity is thus less sensitive to the more-active western Pacific convection, and

became more representative of convection across the entire domain.
"A
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The intensity index was constructed using both the 10- and 20-day filtered OLR.

Figure 12 shows the time series of intensity estimates at 160'W longitude during the

60.0-
o 130W/8182M

40.0-

20.0-

-40.0

80.0

o 160WV/8102L"
40.0-

20.0

0 -20.0

-40.0

-60.01
NOV DEC JAN FEB MAR APR MAY
1981 1982

Fig. 12. ITCZ intensity estimates at 160OW during the 81-82 cool season. Ordinate
units are W/m2 , relative to seasonal means; 10-day (top) and 20-day (bottom).

81-82 cool season. Figure 13 depicts the series of zonally-averaged intensity for the

same season; 10-day filtered estimates are on top and 20-day estimates are on the

bottom of both figures. Notice that the seasonal average (horizontal line) has been %

forced to zero in both the 10-day and the 20-day series. Time series of intensity at

4.' Prama a
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160°W (solid) and the zonal-average intensity (dashed) during all eight cool seasons

are shown in Fig. 14.
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Fig. 13. Same as Fig. 12, except zonally-averaged intensity estimates.

Identification of Active Regimes

The first objective was accomplished by finding regions in time and space

during which the ITCZ intensity index indicated cool area-averaged OLR. These
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Fig. 14c. Same as Fig. 14a, except 82183 (top) and 83/84 (bottom).

regions, particularly if they had exceptionally low (large negative) values over a long

time, corresponded to regions within the Pacific ITCZ that had comparatively strong

convective activity. The term "comparatively" must be used because the intensity

index was scaled with respect to the mean behavior at each longitude within each

season.

Three methods of identifying active modes were tested. These methods used

local minima in time series of the intensity index to select days with "active"

-4.0 0 Z-AVG/8384- - *
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of the intensity estimates. For reasons discussed previously, the 10-day filtered OLR

were used to develop the time series, and the 20-day OLR were used to form the

time-longitude sections.

For the first method, called the "gridpoint" method, the time series of intensity

at 160'W were analyzed to find days during which the index was low (largely

negative, below the seasonal mean). In Fig. 14, each seasonal series has several

candidate "active" days. For example, there are ten local minima of the intensity

index (neglecting minor minima) during the 74-75 season (top of Fig. 14a). Other

seasons have similar numbers of active days, although the depth of the minima

(and relative strength of the ITCZ convection at that day and location) may vary

considerably. During the ENSO seasons, 76-77 and 82-83, the 160'W series lose

their early-season large amplitudes near the end of the season. This indicates the

more consistent, widespread cloudiness associated with these prolonged eastern

Pacific convective events.

The second method, called the "zorial-average" method, used local minima in

the zonally-averaged series of intensity. The dashed curves in Fig. 14 show that there

are fewer candidate active days obtained using this method than with the gridpoint

method. In the 74-75 zonally-averaged series (top of Fig. 14a), there are only seven

active time periods. Numbers obtained from other seasons are similar (e.g., six from

the 79-80 season, six from 81-82, and seven from 83-84).

The third method used days that had low index values on both the 160°W

and zonally-averaged series. This gridpointlzonal-average comparison corrected two

problems observed in the first two methods. In the gridpoint method, the convective
I.

activity measured by the intensity time series often was localized, occurring in only

a limited region of the ITCZ. Activity in the remainder of the ITCZ was usually

'p
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unrelated to activity observed at 160'W (see the time-longitude sections in Fig.

15). The zonal-average method often found days during which the zonal-mean OLR

in the ITCZ region was relatively low due to widespread convection in only one

half of the domain, usually in the Western Pacific. To correct these problems, the

gridpointlzonal-average method required minima in area-averaged OLR in both the

zonal-average and 160'W time series. This method obtained an "Eastern Pacific-

bias" in selecting days with active ITCZ convection.

Time-Longitude Sections

Time-longitude sections of ITCZ intensity estimates for eight cool seasons are

shown in Fig. 15. The contour interval is 5 W/m2 and regions with area-averaged

OLR less than -5 W/m 2 are shaded. These shaded regions have above-average

intensity of convection in the ITCZ (between 5°N and 12.5°N). The vertical lines

represent the intensity estimates sampled by the 160'W time series of Figs. 12 and

14.

The interannual variability of ITCZ convection on subseasonal (periods between

20 and 180 days) time scales is apparent in Fig. 15, especially when considering

the ENSO-related map of the 82-83 season (Fig. 15g). The entire western Pacific

becomes relatively featureless after 15 January 1983. Recall from Figs. 3c and 4c that

the ENSO signal (as it appears in this data set) is strongest just south of the ITCZ

region used in the intensity index. Also, a major portion of the amplitude of the

ENSO signal may have been removed along with the annual and semiannual cycle.

For these reasons, the ENSO signal in Fig. 15g may appear weaker than would be

expected.

In several instances (e.g., 23 Dec 81/160°W; 20 Feb 82/175°W; and 3 Mar

82/180'W, in Fig. 15f, are typical examples), shaded regions in non-ENSO seasons

'p
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appear to originate near the center of the domain, and then spread longitudinally.

The spatial and temporal scales of the active modes (shaded areas in Fig. 15)

vary considerably both between seasons, and within seasons across the domain and

throughout the season. Heavy lines in Fig. 15 are attempts to classify active mode

variability into three types. The first type occurs with small spatial scales (less than

4000 km), short temporal scales (lasting 10-20 days) and is observed most frequently

in the eastern Pacific. Examples of the first type of active mode variability appear in

the early and eastern portions of the time-longitude diagram of the 74-75 season

(Fig. 15a).

The second type of variability has longer spatial scales (5000-10,000 kin), short

temporal scales (10-25 days), and is found throughout the domain. Two examples

of this type of variability occurred between 9 Dec 74/140'E and 1 Jan 75/140'W, and

between 6 Jan 77/120'E and 20 Jan 77/1500 W. This feature often propagates, and

may exhibit several cycles of development/decay during its lifespan.

There is a third type of variability that may be unique or a juxtaposition of two

or more of the first two types of features. These active modes have intermediate

spatial scales (2000-6000 km), persist over a long period (greater than 30 days), and

occur throughout the domain. They develop and decay within a localized region

of the ITCZ. An examples of this third type of variability appears between 10 Feb

75/120'E to 1800 and 31 Mar 75/same locations (Fig. 15a).

The time-longitude sections show how the 160'W and zonal-average intensity

series (in Fig. 14) are related. Fine structure in Fig. 14 will not appear in Fig. 15, as the

estimates in the time-longitude sections were computed using the 20-day filtered

OLR. There does not appear to be a compelling correlation between days having

active zonal-average intensity (shaded across most of the domain) and days having

n!
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shaded areas at 160'W. For this reason, the first two methods of finding active modes

do not capture convection that is, simultaneously, intense in the eastern Pacific, as

well as all across the domain. $

It is not clear how the analysis should proceed to resolve this complex behavior

quantitatively. This is left as an unsolved problem for future investigation.

ITCZ Position Index

The ITCZ intensity index was modified to provide estimates of the latitudinal

position of the ITCZ at longitude meridians across the Pacific. The same basic

assumption used in the intensity index holds here; that relatively low area-averaged

OLR in the ITCZ indicates deep convection. Time series of the position estimates

show how the latitude of maximum convection, at a single longitude or in the zonal

mean, varies through the season.

Figure 16 shows the ITCZ region used by the position index. This domain is

larger than that used by the intensity index, extending from 5'N to 20'N latitude.
'IF

The "wider" domain was selected in an attempt to capture local excursions of

intense convective activity extending northward out of the ITCZ into the subtropics.

These excursions of cool-season ITCZ convection normally are synoptic scale ITCZ

disturbances called tropical plumes (previously cited) and are thought to be an

important part of the active-mode variability of the cool-season ITCZ. 0

At intervals of 2.50 longitude across the domain, area-averaged OLR was calcu-
-N

lated at seven latitude parallels (5°N, 7.5°N, 10'N, 12.5°N, 15'N, 17.5°N, and 20'N)

using an area-averaging template identical to that of the intensity index. The latitude

with the lowest area-averaged OLR was selected as the local position (for that day

and meridian) of the ITCZ. Position estimates were computed at every 2.5' longitude

across the Pacific and on every day of each 185-day season. As with the intensity 1
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with the lowest area-averaged OLR was selected as the local position (for that day

and meridian) of the ITCZ. Position estimates were computed at every 2.50 longitude

across the Pacific anid on every day of each 185-day season. As with the intensity :

index, daily zonally-averaged position estimates were also calculated. The values of

the index are degrees North latitude, not departures from a mean value.

Behavior of ITCZ Position

Figure 17 shows time series of the ITCZ position estimates at 160°W during the

81-82 cool season. Estimates calculated using the 10-day filtered OLR, are shown at .

the top, and the 20-day estimates, on the bottom. The horizontal lines represent

the seasonal means. The daily zonal-average position estimates using both 10- and

20-day data are shown in Fig. 18. Notice that, even with the "smoother" 20-

day filtered OLR, the 160°W position estimates frequently shift rapidly over 100 of

latitude over just a few days. The zonal-average estimates behave in a smoother

manner. Figure 19 is similar to Fig. 14, showing the position estimates (solid lines) at
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160W longitude and the zonal-average estimates (dashed lines) for the eight cool

seasons using the 20-day filtered OLR.
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20 .0 .

17.5
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5.0 -
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NOV DEC JAN FEB MAR APR MAY '1981 1982 

w,

Fig. 17. ITCZ position estimates sampled at 160OW during 81-82 cool
season. Ordinate units are ON latitude; 10-day (top) and 20-day (bottom).

The 160'W position estimates in Figs. 17 and 19 appear to have a bimodal

distribution of position. For much of the time, the location of maximum convective

intensity is either at, or north of, the northern limit (20'N); or at, or south of, the

southern limit (5ON). This may be due to convection not normally associated with the
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Fig. 18. Same as Fig. 17, except for zonal-average position estimates. '

Pacific ITCZ. For example, cloudiness associated with mid-latitude cold fronts that ,

extend equatorward to 20'N at 160'W may appear in Figs. 17 and 19 as a 20*N :

position of maximum intensity of ITCZ convection. A less-probable occurrence i

of Southern Hemisphere convection extending northward to 5°N at 160'W may ;_.

account for some of the position estimates at the southern limit. % .
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Fig. 19a. Combination of Figs. 17 and 18; gridpoint (solid) and zonally-averaged

(dashed) estimates. Nov 74-May 75 (top), 75/76 (middle), and 76/77 (bottom).
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convection, while the peaks at 20'N in both classes are due to intrusions of mid-

latitude convection which are stronger than any convection occurring at normal

ITCZ latitudes. (Recall that during the northern winter, the seasonal mean ITCZ

is relatively weak and shifts southward toward the equator.) The peak at 5'N may

be due mostly to southward-displaced ITCZ convection, but may also be affected

by Southern hemisphere convective systems. A curious feature is that the latitudes

of 7.5°N and 10'N (the expected ITCZ locations) have such low frequencies.

This may be a question valid only at this location (160"W), because examination

of the frequency distributions of the zonal-average position estimates (Fig. 21)

reveals quite different results. These distributions are uniformly single-peaked, with

modes located between 10'N and 12.5'N. Only the strong ENSO season of 82-

83 had a mode (near 7°N) outside this range. The remainder of locations across

the tropical Pacific must have time series of position estimates different from that

at 160°W for the zonal-average distribution to be so different from the 160'W

distribution.

Intensity/Position Comparison

As a final subjective comparison, the intensity estimates and the position

estimates were compared. The zonal-average intensity estimates (solid lines) and

the zonal-average position estimates (da.;hed lines) are shown in Fig. 22 for all eight

seasons. Similarly, the gridpoint estimates, intensity (solid) and position (dashed),

are shown in Fig. 23. The different time series are all aligned about their seasonal

mean values. The striking feature here is that the zonal-average estimates often are

in phase, while the more-chaotic gridpoint series are difficult to interpret.

The time series shown in Fig. 22 are remarkably coherent, such that when

the mean ITCZ is in an active mode (minima in the [solid] intensity curves), the
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Fig. 20c. Same as Fig. 20a, except 82/83 (top) and 83/84 (bottom).

the mean ITCZ is in an active mode (minima in the [solid) intensity curves), the

mean position normally moves south (minima in the [dashed] position curves). The

converse is also suggested by Fig. 22: when shifting to an inactive mode (warmer

area-averaged OLR), the mean position moves north. The 160°W time series in

Fig. 23 show a similar active/south-inactive/north behavior at the given location, but

the correlation is not as compelling as for the zonal-mean results.

The first objective of this study' was to find periods of locally-intense convective

- go
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Fig. 21c. Same as Fig. 21a, except 82/83 (top) and 83/84 (bottom).

activity in the Pacific ITCZ -during cool seasons. This was accomplished by analyzing

time series of estimates of convective intensity. Results show that some cool seasons

have strong episodes of alternating active and inactive convection at given locations.

Other seasons have relatively few and/or weak active episodes, at least in the areas

investigated here. A possible link between ITCZ convective intensity and ITCZ

position was also identified, where above-average convective intensity is related,

at least subjectively, to southward excursions of ITCZ position.
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VI. CONVECTIVE ORGANIZATION DURING ACTIVE MODES

The second objective of this study was to describe convective organization
during periods of active convection in the Pacific ITCZ. Periods of active convection

were previously identified using time series of an index estimating convective

intensity in the ITCZ region. Three methods of selecting "active" days were used.

Daily OLR from the active days was temporally averaged over a number of events to

form composites of typical convection patterns. Composites from days selected by

each of the three methods were compared.

Convective organization across the domain on active days was examined in

composites of daily OLR. "Active" days were chosen based on three conditions:

days with large negative values of area-averaged OLR in the ITCZ intensity estimate

at a single gridpoint (160'W); days with low values in the zonal-average intensity;

and, days with low intensity estimates in both the 160'W and zonal-average series.

It was hypothesized that if convection was organized in a particular fashion during

the active modes, the composite technique would identify statistically significant

convective spatial features in a time-averaged OLR map.

Time-Averaged OLR Fields

A compos:'e OLR map was constructed using days with active convection at

160'W during three seasons. Maps of unfiltered daily OLR from 22 days in the 74-

75, 75-76, and 81-82 seasons were composited to form a single average OLR field

{aption in Fig. 24 is "GRID" for the gridpoint method of selection). The "bullseye"

pattern obtained in the composite was expected, due to the method of selection of

active days. There is little intense convection, throughout the domain as a whole,

that is correlated to active modes occurring at 160'W (see Fig. 15). Likewise, in

d. -d* ' .1. .~ .'. d"
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Fig. 24, there is no significant convection organization (shaded regions) at distances

away from the reference point of 160°W/7.5°N. .

MEAN (GRID.N-22)

O'N "0
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LONGITUDE
Fig. 24. OLR composite map constructed from 22 days in the 74-75, 75-76,
and 81-82 seasons. Intervals are 5 W/m2 , with values < -18 W/m2 shaded.

Two other composite maps were constructed. Figure 25 is the composite OLR

from days selected using the zonal-average method (caption is "ZAVG" ). Figure 26 is

the composite made from days selected using the combination 160°W/zonal-average

method ("ZGRD" ). Daily OLR from four seasons (74-75, 79-80, 81-82, and 83-84)

was used for these composites. The ZAVG composite consisted of 26 days, while

the ZGRD used 16 days.

The convection pattern obtained in the composite of ;AVG active days contains

some similarities to the pattern from the ZGRD days. In I)oth, there appears to be

three areas of intense ITCZ convection, located near 1400 E, 160°W, and 110 0 W. Both

maps show a warm anomaly extending northward out of te Southern hemisphere :%

near the dateline.

An expected difference between the two patterns is the larger amplitude of
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Fig. 26. Same as Fig. 25, except using 16 active days.

the cool anomaly located at 160'W in the ZGRD composite; this is one of the

criteria for selecting active days in this method. The extension of cool OLR extending

southeastward from near 1600W is also more intense in the ZGRD composite.
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Normalized Anomaly Fields

To estimate the level of significance of these composite patterns, the OLR in the

composites (denoted OLR(i~j)) were normalized by the three- and four-season-

means and the associated standard deviation at each gridpoint. The results yielded

t-statistics:

t(i(j) = , (11) ,.,*-
(j)s(ilj)

where A(ij) are the season-average OLR (averaged over the appropriate number of

seasons; three for the "GRID" case, and four for the "ZAVG" and "ZGRD" cases).

s(i,j) are the associated sample standard deviations. The degrees of freedom was

N - 1, or 21 for the GRID, 25 for the ZAVG, and 15 for the ZGRD composites.

Maps of these t-values are shown in Figs. 27, 28, and 29 for the GRID, ZAVG,

and ZGRD composites respectively.
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Fig. 27. t-statistics obtained from the GRID composite.C'

Intervals are 0.4 (no units), and values exceeding ± 2.0 are shaded.-
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to 5% of the area in the domain is roughly the area covered by three 10' by 10'

boxes (3 out of 60 total = 5%). The shaded area in the GRID composite (Fig. 27 is

approximately 6 boxes, or about 6/60 = 10% of the domain. In the ZAVG composite

(Fig. 28), there are 18 shaded boxes or about 18/60 = 30% of the domain. A smaller

proportion is shaded in the ZGRD composite (Fig. 29), 12/60 or 20%.

The features of spatial organization of intense convection are subtle, but dis-

cernable. In the GRID composite, the pattern is not strictly a bullseye, but contains

a south-north oriented axis of maximum intensity. Given the zonal nature of the

mean ITCZ, this is an unexpected result. As noted in Section IV, circulation cannot

be inferred using OLR data alone. However, there may be a meridional component

ot circulation associated with the meridional cloudiness feature in the eastern Pacific

during GRID active modes.

The other composites show a similar meridional axis of peak intensity, located

near 145°W in the ZAVG composite, and near 160'W in the ZGRD composite. In the

ZGRD composite, the eastern Pacific is inactive east of 150'W, while in the ZAVG

composite, the intense ITCZ convection is essentially continuous across the domain.

This study examined a small sample of the available record. To draw more-specific

conclusions about spatial organization and circulation during active modes of the

Pacific ITCZ requires further investigation.

Wr
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VII. SUMMARY AND DISCUSSION.

Satellite-observed OLR data from eight cool seasons were examined to find

periods of active convection within the Pacific ITCZ. Data were averaged and

interpolated to 24 h/2.5' latitude/longitude resolution. The annual and semiannual

signals were removed, and a low-pass time filter was used to remove high-frequency

variability. The filtered data sets contained variations on temporal scales from 10-150

days, approximately.

An index was designed to provide estimates of intensity of convection in the

ITCZ region. Intensity was represented by area-averaged OLR in the region between

12.5°N and 5.0°N at every 2.50 of longitude across the domain between 120'E and

90°W. Time series of the intensity estimates were analyzed to find days having low

area-averaged OLR, or active convection. Time-longitude diagrams of the intensity

estimates were constructed to show relationships between active modes in various

parts of the domain. The intensity index was modified to provide estimates of the

latitudinal position (between 50 N and 20'N) of maximum convection, again, at 2.50

longitude intervals, every day. Time series of the intensity and position estimates

were compared to find relationships between active modes and ITCZ position.

The main results from the first portion of the study may be summarized as

follows:

a Interannual variability of seasonal mean convection is considerable. The ENSO

signal is most obvious in the 82-83 season, and, to a lesser degree, in the 76-77

season. Fields of parameters computed during the 74-75, 75-76, 79-80, and 80-81

seasons show small interannual variations.

e Characteristics of the zonal-average ITCZ are strongly influenced by activity

in the western and central Pacific. The frequency distribution of position estimates
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averaged across the domain is exactly opposed the the distibution obtained from a

point in the eastern Pacific. Also, the time-longitude diagrams of intensity estimates

show little correlation between days having active convection in the zonal mean and

days with active convection in the east.

* Active modes appear to originate near the dateline and spread longitudinally

with time. During some seasons, active modes appear to propagate westward in the

central and western Pacific.

The daily position oi' maximum convection changes quickly,. shifting up to

150 latitude over a few days. Position estimates sampled at 160'W show a bimodal

distribution, with peaks at 5°N and 20'N, the limits of the index. Zonal-average

position estimates have a mound-shaped distribution, with a mode near 10' N.

* There is a close correlation between the series of zonal mean intensity

and position. When the mean ITCZ became active, it normally shifted southward.

Conversely, it shifted north when inactive.

The second objective was to describe convective organization during the active

modes. Composites were constructed using daily OLR from days selected by each

of three methods. The convection pattern obtained from the composite of gridpoint

method-selected days was an uninteresting "bullseye" .

The convection pattern obtained from active days selected using the zonal-

average method showed an east-west oriented region of convection stretching

across the entire domain. The pattern consisted of three major cells, ranging in

width from 3000 km in the eastern (100°W) and central (160'W) Pacific, to nearly

5000 km in the western Pacific (140'E).

The pattern of convection obtained using active days selected by the combina-

tion gridpoint/zonal-average method was different in several respects. The eastern

% %
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Pacific cell was absent, and the amplitude of the central Pacific cell was greatly en-

hanced. The central cell also extended southeastward into the Southern hemishpere,

perhaps indicating cross-equatorial influences during active modes.
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